ABSTRACT The study reported herein was conducted to determine and compare the nonphytate P, digestible P, and retainable P contents of corn and canola meal for broiler chickens. Four semipurified diets were formulated from each of ingredient to contain graded concentrations of nonphytate P. The experiment was conducted as a randomized complete block design with 4 weight blocks of 8 cages each (6 birds per cage). A total of 192 broilers (Ross 308), 21 d old, were assigned to the 8 test diets. Ileal digestibility and total tract retention coefficients of P were determined by the indicator and total collection methods, respectively, and linear regression method was used to determine the true P digestibility and true P retention coefficients. The apparent ileal digestibility of P in corn was influenced (quadratic, P < 0.05) by increasing dietary nonphytate P concentrations, whereas P retention was unaffected (P > 0.05). The apparent ileal P digestibility in broilers fed diets based on canola meal was similar (P > 0.05) at different P concentrations. Phosphorus retention in broilers fed diets based on canola meal (linear, P < 0.01) decreased with increasing P concentrations. True ileal P digestibility and true P retention coefficients of corn were determined to be 0.676 and 0.632, respectively. The corresponding values for canola meal were 0.469 and 0.486, respectively. In both ingredients, the determined true ileal digestibility and total tract retention coefficients were not different (P > 0.05). Total P, nonphytate P, true digestible P, and true retainable P contents of corn were determined to be 2.5, 0.8, 1.7, and 1.6 g/kg (as received), respectively. The corresponding values for canola meal were 9.7, 2.8, 4.6, and 4.7 g/ kg (as received), respectively. The present data demonstrated that the regression method can be successfully used to measure true P digestibility of low and high P feed ingredients and that both true ileal digestibility and retention coefficients are suitable to assess P availability in broilers.
INTRODUCTION
Phosphorus is a critical nutrient for animals. In recent years, there is increasing interest in improving the utilization dietary P for animals because of concerns over environmental pollution through excess P excretion, depletion of nonrenewable global inorganic phosphate deposits, and unpredictable prices of inorganic phosphate supplements. Use of a well-defined criterion for P availability is therefore needed to ensure greater efficiency of utilization of dietary P and reduce the excretion of P into the environment. There is, however, considerable confusion regarding the current terminology used to describe available P (available P, nonphytate P, retainable P) in feed ingredients. Of the various possibilities, measurement of digestible P may be the preferable method to assess P availability for poultry (Rodehutscord, 2009) .
Published data on apparent or true digestibility values of P in common feed ingredients for pigs are available (Fan et al., 2001; Bohlke et al., 2005; Fang et al., 2007) . In these evaluations, 3 approaches, namely regression analysis, direct method, and substitution method, have been used to estimate P digestibility. Corresponding data for poultry, however, are limited. Dilger and Adeola (2006) estimated the true P digestibility of soybean meal for broilers using the regression method where soybean meal was used as the only dietary source for Ca and P. Wu et al. (2004) , using the direct method where the test ingredient was used as the sole source of dietary P, determined the apparent ileal digestibility of P in sorghum, wheat, and corn. Leytem Measurement of true ileal digestibility and total tract retention of phosphorus in corn and canola meal for broiler chickens 1 R. K. Mutucumarana ,* V. Ravindran ,* 2 G. Ravindran , † and A. J. Cowieson ‡ et al. (2008) , using the direct method, measured the apparent ileal and total tract digestibility of P in corn, barley, and oats for broilers. Presently, available P in feedstuffs is generally referred to as nonphytate P (NRC, 1994) , which is defined as the portion of P that is not bound to the phytate molecule. These 2 terms (available P and nonphytate P) are used interchangeably, although studies have clearly demonstrated that nonphytate P is not totally available and phytate P is not totally unavailable to the animal (Angel et al., 2002; Coon et al., 2002) . Retainable P, on the other hand, refers to the P that is retained in the body and this term is used in the Netherlands as a measure of P availability in feed ingredients. However, increasing dietary concentrations of nonphytate P result in increased levels of plasma inorganic P, and once the physiological threshold is reached, the excess P is eliminated via the urine. Studies by Manangi and Coon (2006) suggest that, for 40-to 50-d-old broilers, the critical threshold range for dietary nonphytate P is between 2 to 3 g/kg. Digestibility values of P for pigs are usually determined over the total tract (Fang et al., 2007; Stein et al., 2008; Akinmusire and Adeola, 2009) , and this approach is workable because fecal samples can be collected without urine contamination. In poultry, however, total tract measurements will yield misleading data if dietary nonphytate P concentrations are above the physiological threshold, and the measurements should therefore be made at the ileal level.
No published data that compare the different measurements of P availability are currently available. The objective of the study that is described in this manuscript was to determine and compare different measurements of P availability (nonphytate P, digestible P, and retainable P) of corn and canola meal for broilers.
MATERIALS AND METHODS
The experimental procedures were approved by the Massey University Ethics Committee and in accordance with the New Zealand Code of Practice for the Care and Use of Animals for Scientific Purposes.
Ingredients
Corn and canola meal were purchased from local commercial sources and were chosen to represent ingredients with low and high P contents, respectively. Representative samples were obtained and analyzed in triplicates for DM, total P, phytate P, and Ca.
Birds
One-day-old male broilers (Ross 308) were raised in floor pens and fed a commercial broiler starter diet (262 g/kg CP, 11.0 g/kg Ca, and 6.7 g/kg total P) until the introduction of assay diets. Feed and water were available at all times. On d 21, birds were individually weighed and a total of 192 birds were assigned to 4 blocks based on BW. Each block had 8 cages (6 birds per cage) and the 8 test diets were randomly assigned to a cage within each block. The birds were housed in an environmentally controlled room. The temperature was maintained at 22°C, and a lighting schedule of 20 h lighting per day was provided. Group BW and feed intake were recorded on 21 and 28 d posthatch. Mortality was recorded daily.
Diets
Four semipurified diets based on corn (236.5, 473, 709.5, and 946 g/kg of diet) were formulated to contain graded concentrations of total P (0.60, 1.20, 1.80, and 2.40 g/kg) corresponding to 0.17, 0.35, 0.53 and 0.70 g/kg of nonphytate P, respectively; Table 1 ). Similarly, 4 semipurified diets were formulated from canola meal (135, 270, 405 , and 540 g/kg diet) to contain graded concentrations of total P (1.31, 2.62, 3.92, and 5.24 g/ kg; corresponding to 0.38, 0.76, 1.14, and 1.52 g/kg of nonphytate P, respectively). In each set of diets, corn and canola meal were used as the only dietary source for P. In corn-based diets, Ca:nonphytate P ratio was maintained at 2:1 by the addition of limestone. All diets contained 3 g/kg of titanium dioxide (Merck KGaA, Darmstadt, Germany) as an indigestible marker. The diets, in mash form, were offered ad libitum, and the birds had free access to water.
Sample Collection and Processing
Between d 24 and 28 posthatch, feed intake and excreta output were measured quantitatively per cage for 4 consecutive days. Daily collections were freeze-dried and pooled within a cage, and representative samples were taken, ground to pass through a 0.5-mm sieve, and stored in airtight plastic containers at −4°C pending analysis.
On d 28 posthatch, birds were euthanized by intravenous injection of sodium pentobarbitone and the digesta from the lower half of the ileum were collected (Ravindran et al., 2005) , pooled within a cage, freezedried, and ground to pass through a 0.5-mm sieve for analysis of DM, Ca, total P, and Ti.
Chemical Analysis
Representative samples of test diets, excreta, and digesta were analyzed for DM, Ca, total P, and Ti. Dry Short et al. (1996) . Phytate P in test ingredients was analyzed by using a Megazyme kit (K-PHYT, Megazyme International Ireland, Bray, Ireland).
Calculations
The true ileal digestibility and total tract retention coefficients were calculated according to the procedure outlined by Dilger and Adeola (2006) . The apparent ileal digestibility coefficients (AIDC) of P of the test diets (at each level of inclusion) were calculated using the indicator ratio (equation 1).
where AIDC is apparent ileal digestibility coefficient of P (calculated for ileal digesta), T I is the Ti concentration in the diet, T o is the Ti concentration in the ileal digesta, P O is the P concentration in ileal digesta, and P I is the P concentration in the diet. All analyzed values were expressed as grams per kilogram of DM. Apparent total tract retention coefficients (ATTRC) in the test diets (at each level of inclusion) were calculated using the following equation (Adeola, 2001 ): ATTRC = (total P ingested − total P excreted)/ (total P ingested).
Total output of P in the ileal digesta expressed as g/ kg of DM intake (DMI) was calculated from the following equation:
where P O-DMI and P O-DMO represent the P output (as analyzed in digesta) on DMI and DM output bases, respectively, T I is the Ti concentration in the diet (g/ kg of DM), and T O is the Ti concentration in ileal digesta (g/kg of DM digesta). This study was designed as a randomized complete block, with each of the 8 diets (4 corn diets and 4 canola meal diets) fed once within a block of 8 cages. In this manner, P outputs were regressed against dietary P contents per block of 4 cages for corn and canola meal using the following statistical model:
where P O-DMI represents the P output concentration on DMI basis (dependent variable); P I represents dietary P content on a DM basis (independent variable), TPI represents true P indigestibility, and EPL represents mean endogenous P in ileal digesta or excreta per corn or canola meal on DMI basis. In this equation, TPI and EPL are the slope and intercept, respectively, of a simple linear regression of P O-DMI on P I . True P indigestibility is an indirect measure of the inefficiency at which dietary P is extracted by the bird; therefore, true P utilization coefficient (TPUC) was calculated as
where TPUC and TPI represent true P utilization and true P indigestibility estimates, respectively.
Statistical Analysis
Data were analyzed as a randomized complete block design using the GLM procedure of SAS Institute Inc. (2004) . Cage was served as the experimental unit for all statistical analyses, and differences were considered significant at an α level of 0.05. The model for this analysis included block (3 df) and corn or canola meal inclusion level (3 df). Orthogonal polynomial contrasts were used to determine the effects of graded P intake on different parameters tested. Mean true P utilization coefficient and endogenous P loss (g/kg of DMI) from estimates were obtained by regressing P output (g/kg of DMI) against dietary P content (g/kg of DM) from samples pooled per cage. Therefore, SE for these regression coefficients were based on total of 16 observations for each feed ingredient. Regression coefficients (slopes) were compared between sampling sites (ileal digesta and excreta samples) for corn and canola meal using a Student's t-test.
RESULTS
Analyzed composition of the test ingredients and diets are presented in Tables 1 and 2 , respectively. The analyzed P concentrations of corn-based diets were 0.01 to 0.12 g/kg higher than calculated values. In canola meal-based diets, analyzed P concentrations in all 4 diets were closer to the calculated values. Dietary concentrations of P increased with increasing inclusion levels of corn and canola meal in the diets. However, the analyzed concentrations for Ca in 3 of the 4 corn diets were between 0.20 and 0.54 g/kg higher than expected. In 2 of the 4 canola meal diets, analyzed Ca values were 0.41 to 0.56 g/kg lower than expected.
Birds remained healthy during the 7-d assay period, and no mortality or leg problems were recorded. Feed intake and BW gain of chickens fed diets containing graded concentrations of dietary P from corn and canola meal are summarized in Table 3 . Weight loss was observed in birds fed the diet with the lowest dietary inclusion (236.5 g/kg) of corn. Feeding increasing concentrations of corn increased weight gain (linear, P < 0.001) and feed intake (linear, P < 0.001) of birds. Weight gain and feed intake increased (quadratic, P < 0.01) as the concentration of canola meal in the diet was increased.
Dietary P contents and P outputs in birds fed corn and canola meal-based diets are presented in Table  3 . Increasing concentrations of dietary P linearly increased (P < 0.001) ileal and excreta P outputs in birds fed both diets. In birds fed corn-based diets, excreta P output was higher than ileal P output by an average of 0.14 g/kg. Interestingly, in contrast, in birds fed canola meal-based diets, excreta P output was lower than ileal P output by 0.09 g/kg on average.
The apparent P utilization of birds fed corn-based diets ranged from 0.605 to 0.704 at the ileal level and 0.451 to 0.675 over the total tract (Table 4 ). The apparent ileal digestibility of P from corn was affected (quadratic, P < 0.05) by increasing dietary P concentrations, whereas P retention was unaffected (P > 0.05). In contrast, the apparent P digestibility of canola meal was similar (P > 0.05) at different dietary P concentrations. Phosphorus retention in broilers fed canola meal diets linearly (P < 0.01) decreased with increasing P concentrations.
Strong linear relationships were observed between digesta and excreta outputs and dietary P content for both corn and canola meal (Figures 1 and 2) . True P digestibility of corn and canola meal and the estimated endogenous P losses are presented in Table 5 . True ileal P digestibility and retention coefficients of corn were determined to be 0.676 and 0.632, respectively. The corresponding values for the canola meal were 0.469 and 0.486, respectively. No differences (P > 0.05) were found between true ileal digestibility and true retention coefficients of P determined for corn and canola meal (Table 5 ). Endogenous P losses estimated for corn at the ileal and excreta levels were 0.020 and 0.077 g/kg of DMI, respectively. In birds fed canola meal-based diets, the endogenous P losses were determined to be negative at both ileal and excreta levels, with values of −0.464 and −0.487 g/kg of DMI, respectively.
DISCUSSION
The analyzed dietary P concentrations were closer to calculated concentrations and therefore used for the calculation of P digestibility and retention coefficients in the current study. The analyzed concentrations of Ca, however, differed from expected in most diets and the interpretation of these data are difficult because all diets were formulated using the same batch of ingredients. It was assumed that these do not reflect true differences between formulated and analyzed values, and hence would not influence the P utilization calculations. Interestingly, a similar trend between analyzed and calculated Ca values at low dietary Ca concentrations has been previously reported (Driver et al., 2005) .
Phosphorus output in the excreta is the sum of undigested dietary and endogenous P, P used by the hindgut microflora, and P excreted via urine. The higher excreta P output observed in birds fed corn-based diets, relative to ileal P output, in the present study is most likely to be due to urinary excretion of P. Exact reasons for the increased urinary P excretion are unclear because the dietary nonphytate P concentrations in corn-based diets are below the critical physiological threshold of 2 g/kg reported for 40-to 50-d-old broilers (Manangi and Coon, 2006 ) and the Ca: nonphytate P ratios were within the accepted range. It is, however, possible that this critical threshold may be age-dependent and may not be applicable to the 3-wk-old broilers used in the current work. In contrast, the lower excreta P output, relative to ileal output, in birds fed canola meal-based diets is indicative of postileal disappearance of P. This could happen due to microbial degradation of phytate-P and absorption of released P in the hindgut, but the absorption of P in the hindgut of poultry is generally considered to be negligible (Dilger and Adeola, 2006) . It is possible that the observed shifts in ileal and excreta P outputs might be ingredient specific rather than being influenced by dietary nonphytate P intake. Apparent ileal P digestibility values determined at different inclusion levels of corn were determined to be different. In contrast, the apparent digestibility values for canola meal were not influenced by ingredient inclusion level. These results suggest that the direct method is not a suitable method to estimate apparent ileal digestibility of cereal grains with low P contents. This finding may be explained by the fact that the contribution of endogenous P to the total P output is relatively high at low dietary P intake. Lack of influence of inclusion level on the apparent ileal P digestibility of canola meal may suggest that the direct method can be employed to estimate apparent ileal P digestibility of ingredients with high P contents. The apparent ileal P digestibility coefficients determined for corn in the present study ranged from 0.605 to 0.704. These findings are in a close agreement with those of Wu et al. (2004) who reported a value of 0.70, but lower than the value of 0.86 obtained by Leytem et al. (2008) . In both these studies, the direct method was employed where corn was used as the sole source of dietary P and Ca.
Apparent total tract retention coefficients determined at different dietary inclusion levels of corn were similar. However, the values determined in the present study (0.451-0.675) were higher than the retention coefficients of 0.25 and 0.35 reported by Leytem et al. (2008) and Leske and Coon (1999) , respectively. The higher P retention coefficients in the present study may be explained by the addition of limestone in corn-based diets, which may have reduced Ca mobilization from bones and therefore reduced P excretion via urine. In contrast, apparent P retention for canola meal was influenced by inclusion levels, with retention linearly decreasing from 0.70 to 0.54 with increasing dietary P contents. These values were higher than the retention coefficient of 0.39 observed by Leske and Coon (1999) for canola meal.
Strong linear relationships were observed between digesta and excreta P outputs and dietary P intake for both corn and canola meal, which is a requirement for the application of regression technique. This relationship permits the determination of diet independent theoretical endogenous P losses (g/kg of DMI) and simultaneous measurement of true P digestibility of the feed ingredient (Fan et al., 2001; Dilger and Adeola, 2006) . True ileal P digestibility coefficients of corn and canola meal were determined to be 0.676 and 0.469, 
Figure 1�
Linear relationship between total P outputs (Y: g/kg of DM diet intake) in ileal digesta (A) and excreta (B) and dietary P content (X = g/kg of DM) in 21-d-old broilers fed corn-based diets containing graded P concentrations.
Figure 2�
Linear relationship between total P outputs (Y: g/kg of DM diet intake) in ileal digesta (A) and excreta (B) and dietary P content (X = g/kg of DM) in 21-d-old broilers fed canola meal-based diets containing graded P concentrations.
respectively. The corresponding retention coefficients were 0.632 and 0.486, respectively. No differences were found between the true ileal digestibility and true retention coefficients of P in both corn and canola meal. This is to be expected because all diets were formulated below the P requirement. True ileal P digestibility in corn has not been previously reported, but the true ileal digestibility of P in canola meal determined in the present work was considerably lower than the value of 0.66 reported by Adeola and Applegate (2010) . However, true retention coefficient of P determined for canola meal in the present study was in agreement with the value (0.39) reported by these researchers. Endogenous P losses estimated for corn at the ileal and excreta levels were 0.020 and 0.077 g/kg of DMI, respectively. In the birds fed canola meal-based diets, endogenous P losses were determined to be negative at both ileal and excreta levels, with values of −0.464 and −0.487 g/ kg of DMI, respectively. These negative estimates for endogenous P losses are clearly an anomaly reflecting an inherent limitation of the regression method, where the first or last data points could markedly change the intercept and slope. It is well known that mathematical error is inherent in any extrapolation beyond the data recorded (Moughan et al., 1998) . Such negative estimates for endogenous P losses, with the regression method, have also been previously reported in growing male turkeys (Dänner et al., 2006) and broilers Shastak et al., 2012) .
Analyzed phytate P contents of corn and canola meal were within the range reported in the literature (Selle and Ravindran, 2007) . The data, summarized in Table 6 , show that the P evaluation system based on nonphytate P is not reflective of P availability in feed ingredients. True digestible P and retainable P contents were considerably higher than the nonphytate P contents in both corn and canola meals, suggesting that a portion of phytate-bound P is being used by broiler chickens. If we assume that nonphytate P in corn is 100% digestible, then it can be calculated that 54.2% of phytate-bound P was digested and absorbed. The corresponding value for phytate-P hydrolysis in canola meal was 25.2%. However, it is known that the utilization of phytate-P by chickens can vary widely, ranging from 0 to as high as 75%, and that dietary factors including the level of Ca, nonphytate P, P, and vitamin D 3 may influence phytate-P hydrolysis in the digestive tract (Angel et al., 2002) . Of these factors, dietary Ca level is probably the major factor influencing phytate-P hydrolysis (Ballam et al., 1984; Mohammed et al., 1991; Tamim and Angel, 2003) . It is therefore likely the higher true P utilization estimates determined in our study may be due, at least in part, to the low dietary Ca concentrations in the experimental diets. The recommended dietary requirement for Ca for growing broilers is 9.0 g/kg (Ross 308 Broiler Nutrition Specification, 2007) and all the experimental diets contained much lower concentrations of Ca. Ballam et al. (1984) observed that chicks fed diets containing 8.5 g/kg Ca hydrolyzed more phytate-P than those fed diets with 10 g/kg of Ca (0.10 vs. 0.23). Mohammed et al. (1991) also found that phytate-P utilization was increased by 15% when dietary Ca concentration was reduced from 10.0 to 5.0 g/kg. Similarly, Tamim and Angel (2003) reported that, reducing the dietary Ca concentration from 6.8 to 1.8 g/kg increased the apparent phytate-P disappearance from 0.21 to 0.69.
In conclusion, the present data demonstrated that the regression method can be successfully used to measure true P digestibility of low and high P ingredients. The negative endogenous P losses determined in the current work, however, call the validity of the regression method into question. Under the conditions of the present study, P digestibility and retention coefficients in corn and canola meal were not different, indicating that retention values were not influenced by the urinary excretion of P when birds were fed below the P requirement. Overall, these data suggest that P evaluation based on digestible P provides more accurate assessment of P availability than that based on nonphytate 1 Each value represents the mean of 4 replicates (6 birds/replicate). 2 Regression of ileal digesta or excreta P output (g/kg of DMI) against dietary P content (g/kg of DM) as determined by feeding broilers with diets containing graded levels of either corn or canola meal. The slope represents true P indigestibility and the intercept represents the endogenous P loss (g/kg of DMI).
3 Standard error of regression. 4 Calculated as described in Dilger and Adeola (2006) . 5 Within each ingredient, digestibility and retention coefficients were similar (P > 0.05).
P and the amount of inorganic phosphates included in feed formulations can be lowered based on the higher availability of phytate-bound P. 
